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ABSTRACT — An experimental study wasdertaken to establish the viscoelastic behavior of IM7/K3B
composite in compression at elevatethperature. Creep complianatain recovery and the effects of
physical aging on the time dependent respamas measured for uniaxifdading at several isothermal
conditions below th@lass transition temperaturg& ). The IM7/K3B composite is a graphite reinforced
thermoplastic polyimide with &, of approximately 24%. In a composite, the two matrdominated
compliance terms associated witme dependent behaviarccur in the transverse and shear directions.
Linear viscoelasticity was used to charactetize creep/recovery behavior and superposition techniques
were used to establish the physical aging related matiadtants. Creep strain wasnverted to
compliance and measured as a functionesttime and aging time. Resuliacluded creep compliance
master curves, physical aging sHeictors and shifrates. The description of the unique experimental
techniques required for compressive testing is also given.



Introduction

Advanced polymer matrix composites (PMCae desirablefor structural materials in
diverse applications such as aircrafjl infrastructure andiomedical implants because of their
improved strength-to-weight and stiffness-to-weighios. The development @inalytical and
experimentatools toaid inthe study of compositdurability isthe impetus forintensive design

and development studies at NASA and major industry based airframe developers [1].

A possible disadvantage of polymer-based composites isthibathysicaland mechanical
properties of thematrix often changesignificantly over time due to exposure to elevated
temperatures anénvironmentalfactors. This problem has resulted in an extensive research
initiative to develop comprehensive mateabperty characterization techniques amalytical
modeling methodsaimed at predictinghe long termmechanicalresponse ofpolymer matrix
composites at elevated temperatures. The ultimate goal is to deweelo@mteanalytical models
and acceleratetestmethods needed to engineer advanced polymer matrix composites to ensure

long-term structural integrity over the design life-time.

This paper presentsinique experimental techniques aagdparatus used to measure the
viscoelastic behavior of PMC’s in compression at elevagadperatures. Isothermal, constant
load, creep compliance measurements were performed amath& dominated transverse and in-
plane shear behavior of IM7/K3B in compression. Linear viscoelasticity was used to characterize
the creep and superposition techniques were usestablishthe physical agingelatedmaterial
constants. The resulting creepmpliance mastecurves,physical aging shiffactors and shift
rates can be used as inmldta to aviscoelasticcreepcomplianceprocedure toestablish time

dependent behavior and predict long term response. The obsdifferdnces inthe time



dependent behavior ithe transverse anth-plane shear directions along withe effects of

elevated temperature are discussed.

Physical Aging Characterization
The main focus of this research isne aspect of long-terrpolymer matrix composite
viscoelastic behaviorphysical aging Physical aging is @rocess, occurring below thglass

transition temperatur€ly), where thenacromolecules gradually change their packingrder to

approach thequilibriumfree volumestate [2]. Thegradual approach towaresjuilibrium affects
the mechanicaproperties of thegolymer, often resulting in a material that is stiffer and more
brittle, so that theompliance islecreasedor the modulus increased)ver what one woultiave
expected in a viscoelastic materigithout aging. In terms of fre@olume theory, one can
visualize that ashe freevolume decrease®wardsits equilibrium valuesthe mobility of chain
segments is hinderediving rise to a stifferesponseAging is a characteristic dhe glassystate
and is found inall polymer glasses, as thoroughly documentedSbyik [3]. The effects of
physical agingontinue untitthe material reaches volurmegjuilibrium.The time required to reach
volume equilibriumdepends on thagingtemperature. Durinthis timethe mechanicaproperties

may change significantly [4,5].

Several experimental studies have illustrated that the matrix dominated composite properties
of continuous fiber reinforced PMC's, namely the shear and transverse response, are affected by
physical aging in a manner similar to pure polymers [4,5,6,7]. Struik [3] showed that it was
possible to isolate the physical aging process in polymers from other behaviors by performing

isothermal creep compliance tests and using superposition techniques to establish the aging



related material constants. An illustration of the creep and recovery tests for determining aging

effects is shown in Figure 1. In these tests, the specimen is initially quenched fronT atmae
temperature below,. The time the material exists below its glass transition is referred to as the
aging time,t. . As aging time progresses, a series of short (in comparison to the elapsed aging
time) creep segments of duratibnare run to extract the momentary creep compliance of the
material. In this figure, the compressive (negative) strain is shown in the first quadrant (positive)
for reader clarity. Throughout this study, negative strain was converted to positive strain for use
in existing data reduction routines that were created for positive strain. The momentary creep

compliance of the materia§( t), can be described with a three parameter fit model, first
proposed for linear viscoelastic glass by Kohlrausch [8],

s()=g¢&” (1)

where§, is theinitial compliancef3 is a curve shape parameters time, andt is therelaxation

time.

In nearly allcases of aging of polymers and PMC's, it is possible to bhegnomentary
creep curves measureddifferent aging times into superpositidmmough a horizontadhift. This
result isakin tothewell known time-temperature superpositigimciple [9]. The aging time shift
factor, a., is defined ashe horizontal distance required $bift a complianceurve tocoincide
with a reference compliana@irve. If theaging time shiffactor is plotted as &unction of aging

time on a double-log scale, it is found to map a straight line with a slqpeTdfe shift ratep,
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usually has values ahe order ofunity and can be considered to be a matepalstant. Thus, a
series of creep and recovessts (as irFigure 1) can be used &xperimentally determine the

value of the shift ratqy, for any given material.

Sincethe momentary creep curves collagbeough horizontashifting onthe log scale, the
only parametewhich changes as a function of aging timéhis relaxatiortime. The momentary

material properties must then vary with aging time according to
s()=§ g/T(te))“’ 3)

where

T(te) =T(tqren)/as (4)
tqren IS the reference aging tima,, .., = 1 and the shift factor is defined as

_(teren )
a, = ) (5)

Thus to describéhe momentary creepompliance at any aging timéhe parameters needed are
theinitial complianceS,, the curve shape paramefertheshift rate i, and the relaxationme 1

at a reference aging timg.n; [1].

It is the intent othis work to establish unique experimental techniques to accurately measure

the compressive creep strain and recovery strain as a functi@stdime and aging timéor the



time dependentesponse ofiber reinforcedpolyimide composites. Resulting compressive creep
compliance mastecurves,physical aging shiffactors andshift rates forinclusion in Struik’s

effective time theory are used to model the physical aging effects in the composite.

Test Materials and Specimen Configuration
The material system chosdor this study was a continuous carbdéber reinforced
thermoplastigolyimide fabricated byDuPontand designated IM7/K3B. The fiber, IM7, was an

intermediate modulus carbdiber manufactured byfercules. The unagef in the composite as
measured bypynamic Mechanical AnalyzdDMA) G" peak was 24C. Change irthe T, from

the unaged condition over extendaging times was measured by industrial studies and found to
remain within 3C over 10,000 hours a$othermal aging at 170 [10]. Forthis study, it was
therefore assumed that chemical aging of the composite would notamcttieT, would remain

constant over the duration of the tests.

Rectangulartest specimens similar tdhose described in ASTM Specificatiod3039-76
measuring20.32cm. by2.54 cm., andonsisting of 12 or 8 plys of approximateély0135 cm.
thickness, wereut from laminated panelhein-planetransverséS,,) and in-plane shedfS,)
creep compliancedata came from unidirectional 12-ply [90] and angle-ply 8-ply f45],
specimens, respectively, whetiege subscript22 and 66 represent, respectivelyhe material
coordinate perpendicular to tH#er and the shear direction3est were not conducted to
determinethe othercompliance components,(, S;;) due to their time-independebehavior.
Three replicates were used at e&e$t temperaturéAlthough all the specimens came from the

same material lot, many of the replicate specimens were cut from different panels.



Test Equipment

All of the creep tests were performed in convectieens equipped with digital controllers.
Copper-constantan (ANSymbol "T") thermocouples located near ttest section provided
feedback for the oven controller and were used wiitanningthermocouple thermometer to
monitor the test temperaturesThermal apparent strain wasorrected for byusing the

compensating gage technique [11]. A diagram of the experimental setup is shown in Figure 2.

A uniaxial constant load was appliddough a dead-weigltaintilever arntester that reacted
at a point outside theestchamber. A unigu@pparatus shown in Figure 3 wesnstructed to
allow a tensile creefestframe to beused for application of a compressive load. Cbhepressive
creep apparatus consisted tafo rigid framesconnected by steebds running through linear
bearings. The apparatus was designed suchthibaivo frames could movén-plane relative to
eachotherwhen a tensile load was applied. mmimizefriction betweerthe contacting surfaces,
the steel rods were polished smooth and the linear bearings were lubricated with heat-resistant dry

graphite lubricant.

The specimenwas positioned in the center of the apparatus and end loaded by the
convergence of thewo inner rigid fixtures. Lightweight grips incorporatirggraight sawtooth
faceswerefixed to the specimen ends tpreventslipping. Each grip consisted a¥o halves held
together bypinsfor accuratealignment. Theontactsurfaces between the grip ends andridnd
fixtures were precisiomground to transfer the loadhiformly to the specimen. The gripped
specimenwas held in alignment by small pirsttached to brackets mounted on iieer rigid

fixtures.



To ensure stable compression, thigecimenwas supportedrom column buckling by
lightweight knifeedge guides as shown in figure 4. The guidese mounted on thgpecimen
howeversince they dichot connect to the gripshey didnot carry any ofthe applied axiaload.
The knife bladeswere eaily adjustable taallow for minimal contactwith the specimen surface
and various specimen thickness. Column buckivag checked during loading lbgngitudinally
alignedback-to-back strain gageshich would show a lack of parity in strain if Soe bending

occurred. A sample plot of the strain parity from back-to-back strain gages is shown in Figure 5.

During the unloaded or recovery segments ttheeinner rigid fixtureswere separateftom
the specimen grips by applying a slight compres$oree fromthe creegrame lever armThis
recovery procedure, howevdéegft the lightweightupper grip and th&nife edge guides toemain
fixed to the specimen and @sibly hinder omplete strain recovery. lorder toverify whether or
not theweight of the upper grip and ttkaife edge guides had an effect on complete recovery, a
benchmark run was performéat the case of an unloadegecimen atest temperaturé.he run
showed that théghtweight upper grip and th&nife edge guides had no effect tre creep or
recovery strain on thespecimen. This unloadingrocess therefore provided fosirtually
unconstrained recovenyhile allowingthe testchamber to remaiclosed during the entirgest

sequence.

Strain in the gage section was measured gh temperaturdoil strain gages applied in the
center of thespecimen. Micro-Measurement WK-000-250BG-350 gages bondedthetiv-
Bond 600 gagadhesive and 22Q solder were used. The M-Bond 600 was cured afCLat
two hours.This combination ofjage andadhesive seemed tainimize the problems associated

with coefficient of thermal expansi¢@TE) mismatch tahe composite and gage/adhesive creep.



Proper selection of this gage type aratlhesive gaveCTE match and stability at elevated

temperatures.

Stress was calculated based upon the applied load argpe¢henencross-section before
testing. For the [9Q] specimensthe average measurementta back-to-back gagesiligned
longitudinally,was used to compu(é‘;zz). For the |- 45],, specimensthe averageneasurement
in each direction of four gagesyo back-to-backaligned longitudinallyand two back-to-back
aligned transverselyas used to comput&,;). The compliance termssed in data reduction for

these specimens are given as

S,(t)= ; (6)

S = Zx(OLmEy (1) /2 (1)]

O x

: (7)

whereo , ande, is the stress and strain in the loading direction, respectivelyg argthestrain

perpendicular to the load. Each gage formed a quarter-bridge cifbogrmal strain
compensation was accomplished durdgga reductionCommercially availablenstrumentation
provided bridge completion, excitation andrgl conditioning. Apersonal computer equipped
with a 12-bit A/D board converted arstored thehigh level analogoutput sgnal from the

amplifiers.

Prior to testingall specimensvere dried for at least 24 hours at ¥ a convection oven.
Immediately after drying, the strain gageadhesive installation was subjected top@stcure

segment by heating to 2%D for two hours.Following the postcure, thepecimensvere stored



inside a desiccatountil the gages weractually wired atthe start oftesting. After eachest
sequence the specimens were visually inspected for matrix cracks along their edges with an optical

microscope. These inspections revealed no apparent damage after the sequenced tests.

Experimental Procedures and Data Reduction

To explore the effects of physical aging on the creep propertres] documented technique
that measures the creepmpliance as described $truik [3] and depicted in Figure 1, was used
for all tests.This procedure consisted of a sequence of creep and redegesysing aconstant

applied load while the specimen isothermally ages.

All of the tests were conducted undssthermal conditions using monotonic compressive
loads. Theest temperatureselected for the study were 20008, 215, 220, 225, and 236C.
Thesetest temperatureactually exceedhe expected use temperatures of tieerial, however

they were selected to ensure that measurable aging occurred within the test period.

To ensure thaall test specimensstart the tessequence in theame unaged condition, a
means of rejuvenatindpe specimerwas required. Rejuvenation was accomplished psoaedure
based upon work by Struik [3] and others who showed that physical aging is thermoreversible and

the excursion abovg, prior to quenching effectively rejuvenates the material. In the cuestst
the gauged specimen was heated toQ30FC aboveT,) for 30 minutes immediatelpefore the
start of any physical agindest sequence. During this period aboVg the material is more

compliant than in itglassystate.Consequently, asupport bar wasastened between the upper

and lower grips of the vertically positioned specimen to prex@nghape alteration that might be

10



caused by the weight of the upper grip orkhiée edge guides during rejuvenatiorhis support

was easily removed following rejuvenation.

The method used to quendpecimens from abové, to the aging temperaturevaries

between investigators, such as udiqgid nitrogen or submersing in ace-water bath [12,13]. A
procedure bySullivan[4] which utilized high-pressure air to quenitte specimerwas adopted
for use in this studyThis method providethe only practical means to quendhe material when
strain gages and wires are attached tospieximen. After reachinthe test temperatur@uring
this rapid quenctthe material is in an unaged condition ahe aging time clock can bstarted.

Temperature stabilization after quenching typically took less than three minutes.

The duration of each creep segment was 1/10th the duration of the prior total aging time. The
aging times (timafter quench) selected for starting each creep segment werg¢@, 24, 48, 72
and 96 hours. After each creep segmentspeeimerwas unloaded and allowed to recover until
the start of thenext creepest. Tofacilitate recoverythe specimen remained ile convection
oven at temperaturerhile beingunloaded. The recovery timegere long enough tallow for
nearly complete strairecovery. However, to account fany remaining residuaitrain due to a
lack of complete recoveryhe strain measured in the creep segmentoeaected by subtracting

the extrapolated recovery strain from the prior creep curve.

For the creep tests, aapplied stresslevel was chosen for eaclayup andused at all
temperatures. Determination of thppliedstresslevel within the linear viscoelasticange was
made by checking thdioth Boltzman’s superposition and proportionality conditions would be

met at thehighest temperature forgiven layup. Given amitial state of stresg’ appliedfor a

11



time t and an additional stress’ applied at time , Boltzman’s superpositioprinciple[9] states

that:
g[o’(t)+o"(t-t,)]=¢[o’(t)] +€[o"(t -1)]. (8)

Therefore, Equation 8mplies that givencreep data, superposition wouldlow the exact

prediction of the subsequent recovery period so that

e(t-t)=o{S(t)- g t= 1)}, 9)

where o is the constant stresk, is thetime of load removal, an8(1t) is the creeompliance

function. Compressive creep and creep/recovery data provided data for checking superposition.

Proportionality states that for an applied str@sthe strain in a material at anyher stress is

found using:
g[co(t)] = ce[o(t)]  wherec= constant. (10)

A proportionality check was performed by plotting isothermal, coegppliance versutesttime
for aspecimen thatvas repeatedly rejuvenated, quenched and loaded at varioudesteéssThe
supposed transition frormkar to nonlinear behaviarould be evident byhe vertical separation
of the compliance curves with increasirsjress. These checks weareade atthe lowest and
highesttest temperaturegbereby ensuring thahe effects of appliedtress wereninimizedfor all
temperatures and a linear assumption could be usadyimodelwith assurance of reasonable

accuracy.

12



Figure 6 provides an example thfe curvefits used to characterize each sequenced creep
compliancecurve. The momentary sequenced creep/aging cumeze collapsed through a
horizontal (time) shift usinghe longestging time curve athe reference curve. Figure 7 shows
the collapsed curvigFom the data shown ifigure 6. In some casesnall vertical (compliance)
shifts (as compared to the horizonsddlifts interms of the double-logcaleplots) were also used
in reduction of the IM7/K3B data. The sets of both ramial shifted collapsedata and
horizontal and vertical shifted collapsddta, known asnomentary master curvesgerefit with
Equation 1. The parameters from tfiisvere termed thenomentary master curve parameters for

a given temperature.

The timeshifts (og &) used to collapsthe sequenced curves shown in Figure 6 wérted
versus log aging time and approximathtbugh a linear fit, as shown in Figure 8. The slope of

this shift factor versus aging time data is the shift pate

Results and Discussion

The range of hear viscoelastic behaviowas experimentally determined to satisfy the
conditions of proportionality. Experiments were also conducted to assurethéndinear
Boltzman’s superposition condition was met fil tests. Using the testand data reduction
procedures outlined above, tehort term sequenced creepmpliancedata for IM7/K3B was
found as a function of aging time over a rangéveftemperatures. Isothermal momentary master

curves for the transverds,,) and sheafS,;)terms were generated to show the temperature

dependency of short term creep compliance and the directional dependency of the PMC.

13



To evaluate the proportionality criteria, creégsts were run at 230 and 228C,
representing themaximum test temperaturesised for transverse and sheesmpliance
respectively. The appliestresslevelswere between 3.56 MPa and 1.81 MPa for the transverse
compliance proportionalityestsand between 8.34 MPa and 5.59 MPa for the stmapliance
proportionality testsCoincidence othe transverseompliance curves in Figure 9 atite shear
compliance curves in Figure 10 indicated ttie different stresslevels caused little variation in
compliance orthe logscale althoughhere was somemall trend in location of the curves in
relation to theappliedstress. Based upon these results and the fact thaahe appliegtress

level was to be used at all temperatures, proportionality was met for all tests.

The strain history of &pical creep/recovery sequence for a45],, specimen is shown in
Figurell. Thecondition of linear Boltzman’superposition is assumed to be satisfied because of
the goodcorrelation between the predicted recovery stfmm Equation 9 andhe measured
recovery strain. It was recognized that the assumption of Msawelastic behavior based upon
these results might not be conclusive, however it was felt that deviationsrfeamity weresmall
enough taconfidentlyproceedwith linear modelingThe final appliedstresdevels choserffior the

creep tests were 2.68 MPa and 6.97 MPa for the transverse and shear tests, respectively.

Three replicatespecimenswere used over a range bve temperatures to generate the

isothermal momentary master curves for transve8sg and sheafS,,)terms. Table 1 provides
the momentary master curves parame(tSOST,B)found by fitting Equation 1 to theombined

data setdrom all replicates. It should baoted thateventhoughonly one set ofmomentary

master curve parameters is given in Table 1, each of the replicate tests had tiskiftoate (1)

14



found through the procedures described previously. Thereforshitheategiven in Table 1 is an
average value. The standard deviatiopo$ also provided in Table 1. The averabét rates are
plotted versugest temperature iRigure 12 for the transverse and sheampliance. Thealata
points in this figure were connected with a smooth curve to illustrate the trendst&disshow
that the transverse directiahift rate falls continuously,while the sheashift rate isfairly level

until 225C.

For comparison purposes, the resultamdmentary master curves for each temperahieh
correspond to the data Trable l1are plotted together iRigures 13 and 14 for the transverse and
shear compliance, respectively. These master cupmesent thesum of all the short term

sequenced creep compliance data.

Concluding Remarks

A unique creep compressi@pparatus is proposed fstudying viscoelastic behavior of
compositespecimens at elevatddmperatures. The apparatus appears to proviceans for
stable, consistent testing of thin coupon tyest specimens. Column bucklingas suppressed
and localizednstability was prevented through the use of suppattires. The apparatus and
associated experimental techniqyessented in this study would provitee experimentewith
the type of datanecessary to makaccurate comparisons between compressive tansile

viscoelastic/aging effects in thin composite members.

Linear viscoelastic behavior durimgeep compression can be assumedfiicient testing is
performed taconfirm the validity of Boltzman'ssuperpositiorprinciple and poportionality.Aside

from the obvioussign differences from tensilereep testing, compressive testing dake
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advantage of establishgadocedures. Care must be taken howevepitk a stresdevel which
gives linearityover the complete range of temperatures yet also provides enough creep strain to

develop the compliance curves.

Time/temperature and time/aging time superposition techniques devébopddracterizing
physical agingduring tensilecreep workequally as wellwith compressive creep. Shifting and
collapsingcreep compliance curves was straightforward process and lemgelf well to the
formation of master curves and the three parameter characterizatioomorhentary master
curves show the clear temperatdependency oshort term creegompliance. The ordering of
the curves was as expected with thighest temperatures resulting the highest creep
compliance. The directional dependencytt@ PMC is als@vident by notinghe differences in

the compliance between the transverse and shear tests.

Master curve parametersombined with aging shifrates, effective time theory, and
laminationtheory should allowfor the prediction of long terncompressive creepompliance
behavior of thin compositaminatesunder elevated temperatukéerification of this Wl require

long term data for a variety of laminates.
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Fig. 5. Strain parity from back-to-back strain gages.

22



IM7/K3B [90],,
- S, @ 225°C

Aging Time = 2hr 10hr
4hr

72hr
aghr,960r

0o 101
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Fig. 7. Typical momentary creep compliance during aging.
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Fig. 8. Typical aging shift factor as a function of aging time.
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Fig. 12. Transverse and shear compliance shift rate as a function of temperature.
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Fig. 13. Transverse compliance momentary master curves.
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Fig. 14. Shear compliance momentary master curves.
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Table 1. Momentary master curve parameters for both the

transverse and shear creep compliance.

Compl.| T S T (sec.) B VI Al

Terms | (°C) | (1/GPa) (Std. Dev.)
S22 208 | 0.0937 | 7.76E+4 | 0.468 | 0.808 0.0827
S22 215 | 0.0933 | 2.43E+4 | 0.559 | 0.742 0.0327
S22 220 | 0.0914 | 1.53E+4 | 0.470 | 0.751 0.0370
S22 225 | 0.0923 | 3378.87 | 0.316 | 0.644 0.0579
S22 230 | 0.0589 | 43.617 | 0.155 | 0.587 0.0155
Ses 200 | 0.1521 | 2.68E+4 | 0.497 | 0.857 0.0356
Ses 208 | 0.1521 | 2.21E+4 | 0.433 | 0.871 0.0089
Ses 215 | 0.1452 | 1.39E+4 | 0.368 | 0.853 0.0071
Ses 220 | 0.1402 | 4595.7 | 0.356 | 0.791 0.0510
Ses 225 | 0.1297 | 485.60 | 0.252 | 0.574 0.0603
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